The effects of induced root freezing injury on 2+0 white spruce (Picea glauca (Moench) Voss), black spruce (Picea mariana (Mill.) BSP), and jack pine (Pinus banksiana Lamb.) seedlings were studied. Hardened seedlings were exposed to freezing during the fall and cold stored until planting. Seedlings were planted in spring on two field sites with different soil moisture levels (wet or dry). Seedling morphology and physiology were measured periodically during the first growing season, and mortality was evaluated at the end of the season. With the exception of June measurements on the wet site, where daytime water potential fell as low as -2.0 MPa, root damage did not seriously affect shoot water potential. Generally, stomatal conductance decreased with increasing root damage. Net photosynthesis on both sites decreased between 22 and 39% with increasing root damage. Root damage did not affect the ratio of intercellular to ambient CO 2 concentration. As well, reductions in the nitrogen concentration of current-year foliage with increasing root damage were observed, suggesting that the observed reductions in net photosynthesis were caused by nonstomatal factors. Root growth was greater on the wet site than on the dry site, particularly between August and October, when mean soil minimum temperatures were lower on the dry site. On both sites, aerial dry mass was only slightly affected by root damage in July and August, but the effect of damage became more pronounced in October on the wet site. Black spruce and white spruce seedling mortality began being affected when approximately 50% of the root systems were damaged, while jack pine mortality was affected starting at 40% damage. Root damage levels of 50% caused 2.0 and 1.5 cm reductions in annual height increment of white spruce and black spruce, respectively, and 40% damage caused a reduction of 1.0 cm in annual height increment of jack pine.
Introduction
Root frost damage can at times be a major problem during containerized tree seedling production in northern climates (Lindström 1987) , because root systems are considerably less frost resistant than aboveground tissues (Mityga and Lanphear 1971; Sakai and Larcher 1987) . In Quebec, the probability of root frost damage is increased, because 87% of the seedlings produced for reforestation are grown in containers (Gagnon et al. 2000) and seedlings are overwintered outside. One million seedlings were destroyed by root frost in Quebec forest nurseries in 1994 (Hall 1996) . Root systems are particularly vulnerable during autumn when temperatures can fall below the hardiness level of the seedlings and later when there is not enough snow cover to protect the root system.
In controlled environment experiments, root frost damage has been found to induce a decrease in shoot and root water potential of 1+0 black spruce (Picea mariana (Mill.) BSP) (Bigras and Calmé 1994; Bigras 1997 ) and jack pine seedlings (Pinus banksiana Lamb.) (Bigras and Margolis 1997) . Lindström (1986) reported a decrease in stomatal conductance because of water stress in root-damaged 1+0 Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies (L.) Karst.) seedlings, while and Langerud and Sandvik (1991) reported decreases in photosynthesis and transpiration for 1+0 Norway spruce seedlings with root damage caused by immersion in boiling water. Furthermore, a decrease in aerial growth and survival following root frost damage has been noted for 1+0 Norway spruce (Lindström 1986 ) and black spruce seedlings (Bigras 1997) , and for 2+0 white spruce (Picea glauca (Moench) Voss) and jack pine seedlings (Coursolle et al. 2000) . Coursolle et al. (2002) reported that root frost damage effects on white spruce, black spruce, and jack pine seedling growth varied with substrate moisture content during a greenhouse experiment. Furthermore, after observing low mortality in root-damaged 2+0 black spruce seedlings planted during a rainy summer, Bigras (1998) hypothesized that the soil water regime may have a significant influence on the performance of planted seedlings.
Excessive root damage is a criterion for rejecting conifer seedlings produced for reforestation, thus causing significant financial losses for nursery producers. On the other hand, acceptance of root-damaged seedlings can be risky, since their performance might decrease after planting (Ritchie 1990) . Considering the importance of root frost damage to reforestation efforts in northern climates, the objectives of this study were (i) to evaluate the impact of simulated autumn root frost damage on water relations, gas exchange, mineral nutrition, and shoot and root growth of 2+0 white spruce, black spruce, and jack pine seedlings planted on sites classified as either wet or dry during the first growing season and (ii) to identify the critical thresholds of root damage beyond which significant negative effects on seedling growth would be observed. White spruce, black spruce, and jack pine account for more than 94% of the seedlings planted in Quebec (ministère des Ressources naturelles du Québec 1998).
Materials and methods

Plant material
White spruce (WS; seed origin: 46°30′N, 73°15′W), black spruce (BS; 47°05′N, 72°30′W), and jack pine (JP; 46°30′N, 72°24′W) seedlings were grown in production tunnels at a forest tree nursery (Reboisement Mauricie Inc., SaintÉtienne-des-Grès, Que., 46°26′N, 72°47′W, altitude ) and placed outdoors. On October 27, seedlings were placed in a dark cold room at 2°C for 23 days until they were exposed to artificial frosts.
Artificial frost treatment
A preliminary test was conducted to determine the freezing temperatures that would produce five incremental root damage classes in the approximate range of 20-100% and referred to as damage classes 2-6, with the control being class 1. Using the method described by Coursolle et al. (2000) , seedlings were removed from containers and placed in individual plastic tubes (Super "Stubby" Model, 4 × 13.5 cm, 115 cm 3 , Ray Leach, Cone-Tainer Nursery, Canby, Oreg.). The aerial portions of the seedlings were placed in heated insulated boxes to protect them from frost. These boxes were placed in a programmable cold room (MIC 6000, Partlow Corp., New Hartford, N.Y.) at 2°C for 1 h. The temperature was lowered at a rate of 2.5°C·h -1 with 1 h plateaus between each 2.5°C drop in temperature. Seedlings were sampled at the end of the 1 h plateau at six predetermined temperatures ranging between -10 and -35°C. Root substrate temperature was monitored using thermocouples attached to a data logger (CR21X, Campbell Scientific, Logan, Utah). Control seedlings were placed in a dark cold room at 2°C for the duration of the frost treatment.
Following the preliminary test, root damage level was assessed by washing the root system and separating live roots from damaged roots using a stereomicroscope. Damaged roots were characterized by a brownish discoloration of the cambium and (or) by a mushy cortex. Assessment of root damage level was calculated using the dry mass of damaged roots as a percentage of total root dry mass. Temperatures selected for damage classes 2 to 6 were as follows .0°C for JP.
On November 18, seedlings were exposed to an artificial frost 19 days after the preliminary test, using the method described above and temperatures determined from the preliminary test. Following the frost application, sampled seedlings were placed in a dark cold room at 2°C for thawing. After 48 h, seedlings designated for planting were placed in cardboard boxes and stored in a dark cold room at 0°C for 190 days until they were transported to the planting sites. In addition, five seedlings per species per damage class were placed in a growth chamber (20°C day : 15°C night; 80% humidity; 16 h light : 8 h dark photoperiod) for 15 days and then evaluated separately for root damage using the previously mentioned method, and these results are presented as preplanting root damage.
Planting sites
Seedlings were planted on May 27-28, 1998, with 1-m spacing, on wet and dry sites at the Forêt Montmorency (Université Laval's forest research station located 60 km north of Québec) (47°N, 71°W, altitude 750 m). The wet site soil (sub-hygric) has a sandy loam texture with imperfect drainage (Ontario Institute of Pedology 1985) and had 50% (v/v) water content as determined by time domain reflectometry measurements in June (Moisture Point, MP-917 model, Environmental Sensors, Victoria, B.C.). The dry site soil (xeric) has a gravelly sandy texture with good drainage and had 30% (v/v) water content in June.
During the summer of 1998, soil water content was measured gravimetrically on 23 July, 4 and 20 August and expressed on a volume basis. Air temperatures at 20 cm above soil level and soil temperatures at 7 cm below soil level were monitored at the two sites using CR-10 data loggers (Campbell Scientific Corp., Edmonton, Alta.). Rainfall was measured at the Forêt Montmorency weather station located nearby.
Physiology
Xylem water potential
The predawn shoot water potential (Ψ pd ) was measured between 00:00 and 3:00 at the end of June, July, and August using a pressure chamber (Model 600, PMS Instruments Co., Corvallis, Oreg.). Daytime shoot water potential (Ψ d ) was measured between 11:00 and 15:00 at the end of June, July, and August on the same day and on the same seedlings used for gas-exchange measurements.
Gas-exchange measurements
Net photosynthesis (A n ), stomatal conductance (g s ), and the ratio of intercellular to ambient CO 2 concentration (C i /C a ) were measured at the end of June, July, and August using a 0.25-L chamber attached to a portable photosynthesis system (Model Li-6200, LI-COR Inc., Lincoln, Nebr.). The measurements were taken on the 3-4 cm length of shoot directly below the terminal bud of the main stem or, on the previous year's terminal shoot only, if the new shoot was not long enough. Measurements were taken at 1000 µmol·m -2 ·s -1 photosynthetically active radiation using a lamp with lightemitting diodes (670 nm, Quantum Devices Inc., Barneveld, Wis.) specially adapted to fit the LI-COR 0.25-L chamber lid. Net photosynthesis and stomatal conductance measurements were expressed on a surface-area basis. Flow was adjusted for each seedling so that relative humidity was kept constant (40-65%) during the measurement and reflected the environmental conditions for the day of sampling. The surface area (SA) was calculated (SA = 4.00(VL) 0.5 for WS and BS and 4.59(VL) 0.5 for JP) using volume displacement (V) (Brand 1987) and needle length (L) (WinRHIZO TM , Régent Instruments Inc., Québec, Que.). Net photosynthesis was also calculated on a dry-mass basis so that it could be related to nutrient concentrations, which are expressed on a dry-mass basis. For logistical reasons, seedlings from damage classes 2 and 6 were not included in the gas-exchange measurements.
Nutrient concentrations
Nitrogen, phosphorus, and potassium concentrations of previous-year and current-year foliage were assessed at the end of July and in mid-October for seedlings in damage classes 1, 3, 4, and 5. The foliage was digested following procedures described in Parkinson and Allen (1975) . Nitrogen concentration was evaluated using the Kjeldahl method (Bremner and Mulvaney 1982) and phosphorus and potassium concentrations by atomic emission spectrometry (Perkin-Elmer Plasma Model 40, Perkin-Elmer Corp., Norwalk, Conn.).
Seedling growth and mortality
Initial seedling height and stem diameter were measured before planting. Live root dry mass (LIRDM) and aerial dry mass (ADM) were assessed at the end of June, July, and August and in mid-October. The measurements in June, July, and August were made using the same seedlings as for the gas-exchange measurements. At the end of the growing season, in October, annual height increment (AHI) and final stem diameter (SD) were measured, and seedling mortality was evaluated. Seedlings were classified as dead if they had dry, yellow foliage.
Experimental design and statistical analysis
The experimental design was randomized independently at each site, although the basic experimental design was the same. At each site, three complete repetitions had 18 plots each arranged in a 3 × 6 rectangle (i.e., six plots per row), giving a total of 54 plots. In each of the three rows, each species was assigned to two of the six plots, and each damage class was assigned to one of the six plots, giving two damage classes per species for each row. Thus, all 18 combinations of the 3 species × 6 damage classes were present in the repetition. This is known as an incomplete block design, where the incomplete blocks are the rows of six plots within each complete repetition (Cochran and Cox 1957) . The purpose of having the smaller incomplete blocks within the larger repetitions is to improve the precision of comparisons between the means of the species and the damage classes. There were 12 seedlings per plot for a total of 648 seedlings per site (3 complete repetitions × 3 species × 6 damage classes × 12 seedlings).
Three seedlings per plot, one per sampling date, were used to measure daytime water potential, net photosynthesis, stomatal conductance, and the ratio of intercellular to ambient CO 2 concentration. For these variables, the design thus became a split-plot, incomplete-block design with the three dates as the subplots, i.e., one seedling per subplot. Three other seedlings per plot, again one per sampling date, were used to measure predrawn water potential, yielding a splitplot design for this response variable as well. Annual height increment was measured on six seedlings per plot in midOctober. Thus, the design for this response variable was the basic incomplete block but with six subsamples per plot. Nutrient concentrations were measured on the same seedlings as daytime water potential at the end of July and on one of the six seedlings used to measure annual shoot growth in mid-October. The design for this response variable was a split plot with the two dates as the subplots. Live root dry mass and aerial dry mass were evaluated on the same seedlings as daytime water potential on the three summer sampling dates (June, July, and August), and on the same seedlings as nutrient concentrations in mid-October. Thus, there were four sampling dates in the subplots for this response variable. The five remaining seedlings were simply coded as dead or alive at the end of the growing season. where R is repetition, B is block, S is species, C is damage class, and D is date. The terms for date and its interactions with species and damage class disappear if the response was only measured once, and the "within plot error" becomes an "among seedling within plot error" if the response was measured on more than one seedling on any one measurement occasion. The square brackets indicate that the block (B) was nested within the repetition. The effects of repetitions and blocks, the between-plot error, and the within-plot error were considered random, while those of species, damage class, date, and their interactions were considered fixed. Species effects were partitioned into orthogonal contrasts because they are discrete factors, while damage class and date effects were partitioned into orthogonal polynomial contrasts because they are continuous factors. The contrasts for the interactions between species and damage class were partitioned by multiplying the coefficients of the respective orthogonal and orthogonal polynomial matrices. Response curves in figures were generated using the significant polynomial contrast for each variable.
The statistical model was fit with the MIXED procedure of SAS (Littell et al. 1996) . Initial seedling height and diameter were used as covariates for annual height increment and diameter. Dead seedlings were excluded from the statistical analyses, except for live root dry mass, a variable directly affected by root frost. To satisfy ANOVA assumptions, a square root transformation was used for aerial dry mass and a natural logarithmic transformation for predawn water potential. Only significant effects (p ≤ 0.05) are illustrated. No statistical analysis was conducted on seedling mortality because of the small number of seedlings sampled for each damage class and species combination (n = 15). Only data related to root damage effects are shown, since this was the main objective of the study.
Results
Preplanting root damage
The frost treatments resulted in a gradient of root damage. However, root damage levels for each class differed with respect to species because of their different inherent frost tolerance levels and acclimation rates. Preplanting root damage for classes 1-6 were 3, 27, 37, 48, 59, and 65% for white spruce; 1, 38, 54, 63, 69, and 77% for black spruce; and 5, 42, 55, 70, 80, and 85% for jack pine.
Meteorological data
Soil water content (v/v) was 37.7, 56.1, and 54.8% for the wet site and 28.6, 38.1, and 37.7% for the dry site on July 23, August 4, and August 20, respectively. Mean maximum seasonal air and soil temperatures were 2.6 and 3.9°C higher on the dry site compared with the wet site (Table 1) . On the other hand, mean minimum seasonal temperatures were 3.3 and 0.2°C lower on the dry site compared with the wet site (Table 1) . No freezing temperatures at 20 cm above soil level were recorded between June 3 and September 19 for the wet site, and between June 10 and August 14 for the dry site (107 and 64 days without frost, respectively). Rainfall, as measured at the nearby weather station, totaled 636 mm.
Wet site
Physiology
Predawn water potential decreased between classes 1 and 4 in June and between classes 3 and 6 in July and August (Fig. 1a, Table 2 , p = 0.0165). Predawn water potential was more negative in June (mean -0.60 MPa) than on the other dates (mean -0.28 MPa). Daytime water potential decreased from classes 3 to 6 in June and showed little change in July and August (Fig. 1b, Table 2 , p = 0.0117). The most negative daytime water potential occurred in June (-2.0 MPa compared with -0.78 MPa for July and August).
Stomatal conductance decreased with increasing root damage (Fig. 1c, Table 2 , p = 0.0144). Net photosynthesis decreased by 18, 24, and 33% relative to the control for classes 3, 4, and 5, respectively, (Fig. 1d, Table 2 , p = 0.0482). Root damage did not affect the ratio of intercellular to ambient CO 2 concentration of seedlings and averaged 0.79 (Table 2 , p ≥ 0.0607, results not shown).
The nitrogen concentration of previous-year foliage was not affected by root damage ( decreased with increasing root damage (Table 3 , p = 0.0311, Fig. 1e ). Root damage did not affect the phosphorus or potassium concentrations of either the previous-year or current-year foliage (results not shown).
Seedling growth and mortality
Live root dry mass decreased with increasing damage in June, July, and August and to an even greater extent in October (Fig. 2a, Table 4 , p = 0.0499). The difference in live root dry mass between classes 1 and 6 increased from 0.5 g in June to 1.2 g in October.
Aerial dry mass decreased slightly with increasing damage in July and August and much more significantly in October (Fig. 2b, Table 4 , p = 0.0009). The difference in aerial dry mass between classes 1 and 6 increased from 0.41 g in July to 2.95 g in October. The decrease in annual height increment with increasing root damage was greater for JP than for the two spruces (Fig. 2c, Table 4 , p = 0.0254). The most severe root damage caused annual height increment reductions of 20% for BS, 50% for WS, and 42% for JP. Root damage reduced shoot diameter by as much as 12% for class 6 (Fig. 2d, Table 4 , p = 0.0069) compared with the control.
BS and WS mortality only started being affected by root damage at classes 5 and 6, respectively, (Table 5) , with class 5 and 6 mortality being nearly equal for BS. On the other hand, JP mortality started at class 4 and increased with increasing root damage (Table 5) .
Dry site
Physiology
Predawn water potential decreased slightly with increasing root damage (Fig. 1f, Table 2 , p = 0.0266). Root damage had little effect on WS and BS daytime water potential, while JP pine daytime water potential decreased from classes 1 to 6 (Fig. 1g, Table 2 , p = 0.0235).
Stomatal conductance decreased with increasing root damage in June and August (Fig. 1h, Table 2 , p = 0.0329). Stomatal conductance of WS decreased from classes 1 to 6, whereas stomatal conductance of BS and JP showed little variation (Fig. 1i, Table 2 , p = 0.0451). Net photosynthesis decreased by 22, 26, and 39% relative to the control for classes 3, 4, and 5 (Fig. 1j, Table 2 , p ≤ 0.0001). Root damage did not affect the ratio of intercellular to ambient CO 2 concentration of seedlings and averaged 0.76 (Table 2 , p ≥ 0.1310, results not shown).
The nitrogen concentration of previous-year foliage was not significantly affected by root damage (Table 3 , p ≥ 0.0908, results not shown), whereas current-year nitrogen concentration decreased with increasing root damage (Fig. 1k, Table 3 , p = 0.0265). Root damage did not affect the phosphorus or potassium concentrations of either the previous-year or current-year foliage (results not shown).
Seedling growth and mortality
Generally, live root dry mass decreased as root damage increased for all dates (Fig. 2e, Table 4 , p = 0.0133). The difference between the control and class 6 was 0.5 g in June, 0.5 g in July, 0.5 g in August, and 0.6 g in October.
Aerial dry mass exhibited only very slight decreases with increasing root damage in July, August, and October (Fig. 2f, Table 4 , p = 0.0048). The difference between the control and class 6 was 0.8, 1.0, and 0.5 g in July, August, and October, respectively. Annual height increment from classes 2 to 6 decreased by 14, 24, 33, 43, and 52% relative to the control (Fig. 2g, Table 4 , p ≤ 0.0001). Root damage reduced shoot diameter by as much as 21% for class 6 (Fig. 2h, Table 4 , p ≤ 0.0001). Seedling mortality of BS started at class 4 and increased with increasing damage thereafter (Table 5) . Root damage caused WS seedling mortality only at damage class 6 and JP seedling mortality increased with increasing root damage.
Discussion
With the exception of June measurements on the wet site, where predawn water potential values fell to -0.7 MPa, root damage did not seriously affect predawn water potential (Figs. 1a and 1f) . This implies that in most cases the seedlings were able to reabsorb water at night. Damaged roots probably had little effect on water absorption, since the remaining suberized roots, which are generally more frost tolerant than fine roots (Lindström and Mattsson 1989) , could still take up a significant amount of water and solutes (Kramer 1983, p. 134) . The fact that the planting sites were in an area with abundant summer precipitation may explain this result. It is also possible that the remaining healthy roots increased their water absorption capacity or regenerated enough new roots to avoid negative effects on predawn water potential. Except for June, daytime water potential also showed little variation with respect to root damage. Coursolle et al. (2002) also reported that WS, BS, and JP daytime water potential did not vary with frost-induced root damage. However, a reduction in water potential of 1+0 BS and JP seedlings following root frost was observed by Bigras and Margolis (1997) and by Bigras (1997) .
Generally, net photosynthesis and stomatal conductance decreased with increasing root damage (Figs. 1c, 1d , and 1h-1j). reported that 1+0 Norway spruce seedlings with root systems immersed in boiling water showed a reduction in photosynthesis and transpiration. Oct.
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Wet site Lindström (1986) demonstrated that decreases in stomatal conductance associated with water stress were induced by root damage in 1+0 Norway spruce seedlings. Several studies with conifer species have established a link between water potential, stomatal conductance, and photosynthesis (Seiler and Johnson 1985; Grossnickle and Blake 1986; Seiler and Cazell 1990; Dang et al. 1997a) . A decrease in water potential may reduce photosynthesis by inducing stomatal closure and a reduction in intercellular CO 2 concentration (Teskey et al. 1995) or by having a direct impact on mesophyll conductance. On the other hand, the ratio of intercellular to ambient CO 2 concentration was not reduced in this study, and root damage had little effect on either predawn or daytime water potential. Therefore, the observed reductions in net photosynthesis were probably caused by nonstomatal factors, such as lower mesophyll conductance and reduced CO 2 fixation by the mesophyll. The reduced ability to fix CO 2 in root-damaged seedlings may be the result of the reduced nitrogen levels observed for seedlings with damaged root systems (Figs. 1e and 1k ). Many authors have described a positive correlation between net photosynthesis and foliage nitrogen concentration (e.g., Mitchell and Hinckley 1993; Reich et al. 1995; Dang et al. 1997b; Schoettle and Smith 1999) . Reductions in foliar nitrogen concentration caused by root frost damage are probably related to decreases in root surface area and (or) to the reduction in root system exploration after injury, which would have led to reduced nitrogen absorption. Unlike nitro- gen, phosphorus and potassium concentrations were not significantly affected by root damage for any of our three tree species. These results can be explained by the fact that the fluxes of phosphorus and potassium from the soil to the plant are generally much lower than they are for nitrogen (Munson et al. 1993 (Munson et al. , 1995 . Seedling growth decreased with increasing root damage (Figs. 2a-2h ). Soil moisture seemed to only slightly influence the impact of root damage on aerial growth. The largest growth reductions were at classes 5 and 6 on both sites, suggesting that extensive root damage was necessary to slow down height and diameter growth. Bigras and Margolis (1997) reported that seedling height and diameter growth of 1+0 JP seedlings grown in growth chambers were reduced following 50% destruction of the root system. Coursolle et al. (2002) reported that root damage levels of 69, 72, and 84% for WS, BS, and JP, respectively, were required to cause approximately a 50% reduction in the aerial dry mass of greenhouse-grown seedlings. Bigras (1998) reported that 3 years after outplanting, height growth of 2+0 WS seedlings was reduced by 11% and diameter growth by 25% when 40% of roots survived an artificial frost.
When comparing root and shoot growth measurements (LIRDM, ADM, AHI, SD) taken during the study, it is apparent that new root and shoot growth occurred mainly between August and October on the wet site (Figs. 2a and 2b) . During the same period, root growth on the dry site was less than on the wet site (Fig. 2e) and did not show the same growth spurt as on the wet site (Fig. 2f) . The greater seedling growth on the wet site can probably be partly attributed to the higher soil water content (49.5% compared with 34.8% for the dry site). Day and MacGillivray (1975) also found that WS seedling rhizogenesis decreased with soil moisture content. The higher root growth on the wet site can also be related to its higher mean minimal soil temperatures in August (10.1°C compared with 8.2°C) and September (8.4°C compared with 4.9°C). Lyr and Hoffmann (1967) observed that Picea abies root growth increased with increasing soil temperatures between 0°and 26°C. Finally, lower seasonal mean minimum air temperatures on the dry site (3.9°C compared with 7.2°C for the wet site) as well as the shorter frost-free period (64 days compared with 107 days) probably also hastened growth cessation on the dry site so that there was not enough time for the undamaged seedlings to develop more growth relative to their damaged counterparts (Johnson and Havis 1977; Smit-Spinks et al. 1985; Sakai and Larcher 1987) .
Our results suggest that approximately 50% of spruce root systems need to be damaged before mortality is affected. This corresponds to annual height increment reductions of 2.0 cm for WS and 1.5 cm for BS. On the other hand, JP mortality starts being affected when approximately 40% of the root system is damaged, which is associated with a 1-cm reduction in annual height increment. Coursolle et al. (2002) reported that 60-80% of WS, BS, and JP seedling root systems needed to be damaged before seedling survival in the greenhouse was affected. Finally, Bigras (1998) observed a mortality rate of 17% after outplanting when 40% of the living roots of the 2+0 BS seedlings survived a frost.
It should be made clear that growth reductions measured in this study are highly dependent on the planting sites where the study took place, the environmental conditions that prevailed during the study, and the length of the study. In fact, root damage effects on dry site seedling growth seem to have been muted by lower temperatures and a shorter frost-free period. It is quite possible that growth reductions would have become more evident during the subsequent growing seasons. Also, because of the magnitude of the study, no site repetitions were included, which limits the conclusions that can be drawn with respect to the soil moisture effects. Finally, only 15 seedlings per treatment combination were used to evaluate seedling mortality, which may reduce precision. Therefore, caution should be used when extrapolating the results of this study to other situations. Note: Seedlings were exposed to an artificial frost in the fall of 1997 so as to induce different root damage levels (classes). Table 5 . Wet and dry site mortality of outplanted black spruce, white spruce, and jack pine seedlings as observed in October 1998.
